Triboelectrification of KCl and ZnS particles in approximated exoplanet environments by Harper, Joshua Méndez et al.
DRAFT VERSION SEPTEMBER 20, 2018
Typeset using LATEX twocolumn style in AASTeX61
TRIBOELECTRIFICATION OF KCL AND ZNS PARTICLES IN APPROXIMATED EXOPLANET ENVIRONMENTS
JOSHUA MÉNDEZ HARPER,1, 2 CHRISTIANE HELLING,3, 4 AND JOSEF DUFEK5
1School of Earth and Atmospheric Science, Georgia Institute of Technology, Atlanta GA, 30332, USA
2School of Electrical and Computer Engineering, Georgia Institute of Technology, Atlanta GA, 30332, USA
3School of Physics and Astronomy, University of St Andrews, St Andrews KY16 9SS, UK
4Centre for Exoplanet Science, University of St Andrews, St Andrews KY16 9SS, UK
5Department of Earth Sciences, University of Oregon, Eugene OR, 97403
ABSTRACT
When mobilized, granular materials become charged as grains undergo collisions and frictional interactions. On Earth, this
process, known as triboelectrification, has been recognized in volcanic plumes and sandstorms. Yet, frictional charging almost
certainly exists on other worlds, both in our own Solar System (such as Mars, the Moon, and Venus) and exosolar planets. Indeed,
observations suggest that numerous planets in the galaxy are enshrouded by optically-thick clouds or hazes. Triboelectric charging
within these clouds may contribute to global electric circuits of these worlds, providing mechanisms to generate lightning, drive
chemical processes in the atmospheres, and, perhaps, influence habitability. In this work, we explore the frictional electrification
of potassium chloride and zinc sulfide, two substances proposed to make up the clouds of giant exo-planets with >50x solar
metallicities, including the widely-studied super-Earth GJ 1214b, super-earth HD 97658b, Neptune-sized GJ 436b, and hot-
Jupiter WASP-31b. We find that both materials become readily electrified when mobilized, attaining charge densities similar to
those found on volcanic ash particles. Thus, if these worlds do indeed host collections of mineral particles in their atmospheres,
these clouds are likely electrified and may be capable of producing lightning or corona discharge.
Keywords: Triboelectrification — extrasolar electricity — salt clouds
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1. INTRODUCTION
Triboelectric charging, which broadly encompasses fric-
tional and contact electrification, has been recognized in a
wide variety of systems, both terrestrial and extraterrestrial,
and likely operates beyond the confines of the Solar Systems.
On Earth, perhaps the most dramatic, natural manifestation
of the triboelectric effect are the displays of lightning ob-
served during vigorous volcanic eruptions. These electrical
storms have been recorded since antiquity and are the focus
of important geophysical studies today (Pliny The Younger
1963; Thomas et al. 2009; Behnke et al. 2013; Cimarelli et al.
2016; Méndez Harper et al. 2018). Tribocharging has also
been implicated in electrostatic processes within dust storms
and dust devils (Stow 1969; Crozier 1964; Kamra 1972; Bo
& Zheng 2013). On smaller scales, bees and other insects
may rely on the electrostatic forces generated during fricional
electrification to successfully pollinate plants–including the
crops billions of humans require to survive (Vaknin et al.
2000; Corbet & Huang 2014). Within industrial and other
man-made environments, granular materials flowing through
pipes and hoppers often charge frictionally, generating sig-
nificant potentials which represent shock or explosion haz-
ards (Matsusaka et al. 2000; Hendrickson 2006; Lacks &
Sankaran 2011). While direct measurements are lacking,
analogous granular charging processes are believed to oper-
ate in a number of extraterrestrials settings. On Mars, for
instance, dust devils likely contain abundant charged grains
and may host small-scale spark discharges or corona (Krauss
et al. 2003; Farrell et al. 2015; Méndez Harper & Dufek
2017). Additionally, recent experiments have shown that
stormy winds on Titan could triboelectrify organic particles
sufficiently to cause aggregation, increasing saltation thresh-
olds across the Saturnian moon’s extensive dune fields (Mén-
dez Harper et al. 2017).
It is important to mention that while triboelectric charging
is "the oldest manifestation of electricity known to man, it
still remains today quite obscure as to the mechanisms ac-
tive" (Kunkel 1950). Indeed, the nature of the charge car-
riers being exchanged when two surfaces come into contact
or when these two are rubbed together has not been resolved
(Lacks & Sankaran 2011). One model–the trapped electron
model–suggests that particles become charged as electrons
caught in unfavorable energy states on one surface migrate to
low energy states on another particle during particle-particle
collisions (Lowell & Rose-Innes 1980; Lowell & Truscott
1986a,b). Such model has gained considerable acceptance
because it not only accounts for electrification in systems of
chemically identical grains, but can explain the oft-reported
tendency of smaller grains to charge negatively while larger
ones gain positive charge (i.e. the size-dependent bi-polar
charging of chemically-identical substances) (Forward et al.
2009a; Lacks & Sankaran 2011; Bilici et al. 2014). More
recently, however, experimental and numerical investiga-
tions have suggested that the same charging behavior can be
achieved through the partitioning and concentration of water
ions (H+ and OH-) on particles of differing sizes (Gu et al.
2013; Xie et al. 2016).
Despite these outstanding (certainly, fundamental) ques-
tions, triboelectric charging appears to be an inherent char-
acteristic of mobilized granular flows and, thus, is likely
also present within large granular reservoirs on exosolar ob-
jects. Recent, observations of distant solar systems have re-
vealed a surfeit of worlds with featureless transmission spec-
tra (Berta et al. 2012; Kreidberg et al. 2014; Knutson et al.
2014a; Morley et al. 2015; Sing et al. 2016; Gibson et al.
2017) or other signatures that have been interpreted to be
the effects of high-elevation clouds and hazes. These planets
include super-Earths GJ 1214b (Kreidberg et al. 2014) and
HD 97658b (Knutson et al. 2014b), Neptune-sized GJ 436b
(Knutson et al. 2014a) and GJ 3470b (Ehrenreich et al. 2014;
Dragomir et al. 2015), and hot-Jupiters HD 189733b (Pont
et al. 2013) and WASP-31b (Gibson et al. 2017). The ex-
treme conditions on some of these worlds suggest that their
clouds are composed not of water droplets, but of mineral
dust particles or organic hazes (Pont et al. 2008; Sing et al.
2009; Moses et al. 2013; Kreidberg et al. 2014; Charnay et al.
2015; Mbarek & Kempton 2016; Lee et al. 2018). On GJ
1214b, for instance, clouds may be composed of condensed
(solid) salts, such as potassium chloride (KCl) or zinc sulfide
(ZnS). Such phases may also be present on super-earth HD
97658b (Mbarek & Kempton 2016), Neptune-sized GJ 436b
(Moses et al. 2013), and hot-Jupiter WASP-31b (e.g. Sing
et al. (2014)). Organic hazes, similar to those found in the
atmosphere of Titan, have also been invoked to account for
flat transmission spectra (Kreidberg et al. 2014; Hörst et al.
2018).
Regardless of their exact composition, particles suspended
in these exoplanet environments likely undergo repeated
particle-particle collisions in response to atmospheric cir-
culation. Such dynamics have been inferred to drive efficient
triboelectrification (e.g. Helling et al. (2013)), resulting in
electrified cloudy or hazy environments at elevation. As
happens within Earth’s clouds, exoplanet clouds are likely
gravitationally stratified, meaning that smaller, lighter grains
become concentrated at the top of the clouds, while larger,
heavier grains remain at lower elevation (see figures 2 and
8 in Helling et al. (2008); also Helling & Fomins (2013);
Helling et al. (2016)). Because, as discussed above, the
polarity of charge collected by particles from triboelectric
processes depends on grain size, this stratification (smaller
particles at elevation; larger particles on the bottom) has the
ability to set up coherent electric fields. Such charge separa-
tion occurs in both thunderstorms and volcanic plumes and
ultimately drives spark discharges–lightning–either through
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Figure 1. Experimental apparatus. Particles are charged in flu-
idized bed that generates many particle-particle collisions, while
minimizing interactions with foreign surfaces. The design has been
described in detail in Forward et al. (2009c), Bilici et al. (2014) and
Méndez Harper & Dufek (2016). Panel A shows the operation dur-
ing the charging period. Here, the particle bed is electrified by mo-
bilizing grains with a narrow stream of dry air injected into the base
of the bed. This charging process lasts around 20 minutes. Panel B
shows the system during the measurement period. While still being
mobilized, a second stream of air blows particles out of the granular
fountain. Ejected grains fall into a micro-machined through-type
Faraday cup, where their charge is measured. The Faraday cup sen-
sor can measure charges down to 1 femtocoulomb (or around 6500
electrons).
conventional breakdown of the gas or via runaway electron
avalanche (Kikuchi & Endoh 1982; Gurevich et al. 1992;
James et al. 1998; Dwyer 2005; Dwyer & Uman 2014;
Cimarelli et al. 2014; Aizawa et al. 2016). On Earth, these
discharges support a global electric circuit and have the abil-
ity to modulate chemical and physical reactions in the at-
mosphere (Price 1993; Rakov & Uman 2007; Siingh et al.
2007; Genareau et al. 2015; Wadsworth et al. 2017; Mueller
et al. 2018). Indeed, lightning may have been involved in the
production of prebiotic molecules in an early-Earth environ-
ment (Miller & Urey 1959; Navarro-González et al. 1998)
and such lightning has been hypothesized to have been as-
sociated within dusty flows (namely, volcanic plumes) rather
than hydrometeor clouds (Navarro-González et al. 1998; Se-
gura & Navarro-González 2005; Johnson et al. 2008). If
the mineral clouds inferred to exist on extrasolar worlds
can be considered analogs to the dusty environments in our
own solar systems, charging within these systems may also
stimulate a wide array of electrostatic phenomena and help
catalyze prebiotic chemistry (Hodosán et al. 2016).
In the present work, we characterize the triboelectric be-
havior of two substances inferred to compose some exoplanet
clouds: KCl and ZnS. We conduct our experiments under ap-
proximated GJ 1214b conditions, but our results can be an-
alyzed in the context of other exoplanets as well. We show
that both materials become charged when fluidized and attain
charge densities comparable to those observed on ash parti-
cles falling out of volcanic plumes and thunderstorm water
droplets. Furthermore, based on the charge densities mea-
sured on particles, we determine the conditions (particle size,
volume fraction, and atmospheric pressure) required to gen-
erate discharges in a hypothetical cloud. Additionally, we
compare our results with previous numerical models utilized
to explore charging in mineral clouds (e.g. Helling et al.
(2013)).
2. METHODS
Triboelectrification of KCl and ZnS grains was achieved
using an apparatus similar to that previously described in For-
ward et al. (2009b) and Méndez Harper & Dufek (2016). The
device consists of a spouted bed contained within an environ-
mental chamber (figure 1a show the apparatus in schematic
form). The system involves a machined steel cup (width = 6
cm, depth = 6 cm) capable of holding 100 g of particles. This
particle bed is excited by injecting a stream of air through
a 500-micron hole in the base of the cup. The air stream
fluidizes the particle bed (meaning, particles are mobilized
into a fountian-like structure; see figure 1), causing grains
to undergo frictional interactions. The geometry of the cup
was selected to generate copious particle-particle collisions,
while minimizing particle-wall contacts. Thus, triboelectric
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Figure 2. A) Grain size distributions (spherical-particle equiva-
lents) used in these experiments for KCl (solid curve) and ZnS
(dashed curve). B) Micrograph of KCl particles. C) Micrograph
of ZnS particles.
charging in this work manifests overwhelmingly from the in-
teraction of chemically-identical surfaces.
We used commercially available KCl (Sigma-Aldrich,
60130) and ZnS (Sigma-Aldrich, 14459) powders in our
experiments. The materials were sieved to obtain nominal
size distributions in the range of 125-500 µm (nominal). True
size distributions are rendered in figure 2. The fluidizing ap-
paratus was placed in a closed-loop controlled furnace where
the temperature was maintained at 550-600 K . This tempera-
ture range is congruent with the cloud-forming temperatures
for planets like GJ 1214b, HD 97658b, GJ 436b, and GJ
3470 b (Lewis et al. 2010; Demory et al. 2013; Van Grootel
et al. 2014) and will not lead to phase transition of the ma-
terials considered. Additionally, the pressure within furnace
was maintained at 1 bar (101 kPa) and relative humidity was
kept <1%. Once the experimental setup equilibrated with
the surrounding atmosphere ( 4 hours), a valve was opened
allowing a jet of air to pass through the hole in the base of
the cup, resulting in a particle fountain 3-4 cm high (Fig-
ure 3). Fountaining under these conditions was allowed to
proceed for 20 minutes, a period long enough to ensure that
particles reached an electrostatic steady state (Forward et al.
2009a; Méndez Harper & Dufek 2016). At the conclusion
of the charging period, a second air stream was activated
at 45 degrees to the base of the fountain, catapulting sus-
Figure 3. Thermal infrared image of the experimental apparatus in
the furnace. Spot temperature of the fountain (outlined by dotted
curve) is 300 oC (580 K)
pended grains out of the fountain and into a micro-machined
through-type Faraday cup (TTFC; see Figure 1b and 3). The
aperture of the Faraday cup is 1 mm in diameter, allowing
only a few particles to traverse into its interior at a time.
Upon entering the cup, a particle produces a current that
flows from the cup’s interior electrode to a charge amplifier
built around an LMC6001 operation amplifier. The amplifier
then generates a voltage pulse proportional to the total charge
on the particle. In this manner, we were able to character-
ize the charge on individual particles with a resolution of 1
femtocoulomb (fC; on the order of 1e3 electrons). For each
substance, we measured the charge on 700-800 particles.
While the exoplanets discussed above have atmospheres
which are either of solar composition (H2 or He) or perhaps
water-rich, the use of dry air in our experiments was justified
by the analysis presented in Helling et al. (2013). These in-
vestigators suggest that electrostatic processes on exoplanets
are not largely dependent on gas composition. While we con-
tinue their reasoning in our experiments, we do so with cau-
tion given that the effect of environmental conditions on tri-
boelectric charging are poorly constrained. Indeed, some ex-
periments have found no correlation between granular elec-
trification and gas composition (Merrison et al. 2012) while
others have reported clear dependencies (Matsuyama & Ya-
mamoto 1995; Méndez Harper & Dufek 2016). Until such
questions are resolved definitely, the results presented here
should be considered preliminary and of first order.
3. RESULTS
Raw data from an experiment with KCl particles are shown
in Figure 4. Each pulse represents a single particle travers-
ing the TTFC. Particles of both materials attained maximum
charges of several 100 to 1000 fC during the fluidization pro-
cess. Note that particles charged both negatively and posi-
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Figure 4. Raw charge data collected from the output of the charge
amplifier. Each pulse represents the passage of a single particle
through the Faraday tube.
tively, satisfying charge conservation. A standard way of as-
sessing the chargeability of a material is to analyze its charge
density or its charge normalized by its surface area. Here,
charge densities for both KCl and ZnS samples were obtained
by dividing the particle charge distributions by the average
spherical-equivalent particle area (although, particles are sig-
nificantly non-spherical, spherical equivalents are commonly
used in this form of calculations). The average charge den-
sities for both KCl and ZnS range between 10-9 - 10-6 Cm-2
(See Figure 5a) and are comparable to the ranges of charge
densities observed on volcanic ash in laboratory experiments
(10-9 - 10-5 Cm-2; James et al. (2000); Méndez Harper &
Dufek (2016); Méndez Harper et al. (2017)) and those mea-
sured on submillimeter-sized pyroclasts falling out of vol-
canic plumes (i.e. in-situ and field measurements; 10-6 -
10-5 Cm-2; Gilbert et al. (1991); Miura et al. (2002)). While
both substances attain similar maximum charge densities, the
charge density distribution for KCl is broader than that of
ZnS, meaning that a greater number of KCl particles held el-
evated charge densities. This discrepancy may be attributed
to differences in particle morphology. While KCl grains are
cubic in shape, ZnS grains are much more angular (Figure
2b). Sharp tips on these grains may promote charge loss to
the surrounding gass resulting in overall smaller charge den-
sities on ZnS grains.
From the surface charge density one can compute the
charge per grain as a function of particle size. This relation-
ship is shown in figure 6a for particles with diameters in the
range of 100 nanometers to 100 microns. To put these num-
bers into context with other studies, we overlay our data onto
figure 7 from Helling et al. (2013) which displays the num-
ber of charges per grain required for discharges in a hypo-
thetical mineral cloud along with charge densities measured
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Figure 5. A) Mean charge density distributions for KCl (solid) and
ZnS (dashed). Note that while both materials have comparable max-
imum charge densities, KCl has an overall broader distribution that
ZnS. The higher chargeability of observed in the KCl flow may be
attributed to particle shape. While KCl grains are cubic, ZnS par-
ticles are much more angular. Charge on ZnS may be lost at sharp
particle tips, reducing the charge densities on grains (2b and c).
in several experimental works (figure 6b). Our data is gener-
aly congruent with previous measurements involving silicate
materials (sand and volcanic ash also at 1 bar) and supports
the numerical analysis presented in Helling et al. (2013).
4. DISCUSSION
In dusty atmospheres, breakdown processes exist on a wide
range of scales and are controlled by both microphysical and
macroscopic mechanisms (Behnke & Bruning 2015; Farrell
et al. 2015; Cimarelli et al. 2016; Méndez Harper et al. 2018).
Spark discharges between two charged surfaces (two capac-
itor plates, for example) may occur when the electric field
between these surfaces exceeds the dielectric breakdown of
air, creating a conducting channel that carries charge be-
tween the two surfaces. Lightning is a natural example of
a spark discharge (Rakov & Uman 2007). The presence of
a single, highly charged object in a fluid may also produce
a discharge by creating a region of plasma in the vicinity of
its surface. In this case, charge is lost directly to the sur-
rounding gas (Cross 1987). Partial discharges of this sort
often create visble, crown-like glows around the charged ob-
ject and are known as corona. In his magnum opus Moby
Dick, American novelist Herman Melville describes corona
discharge, known to sailors as corpusants or Saint Elmo’s
light, as a "pallid fire" buring from the whaler’s tall masts
during a night of foul weather (Melville 1851). In more mod-
ern contexts, partial discharge may complicate the operation
of some systems–such high-voltage power lines where ion-
ization generates power loses (Bartnikas 1990)–, but many
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Figure 6. A) From the charge density distributions, the absolute
charge per particle can be extrapolated for a range of particle sizes.
In the context of our experiments, we expect each particle to carry
between 100 and 1e7 elemental charges. B) The charges observed
in our experiments are comparable to those measured by other in-
vestigators on volcanic ash, sand, and other particles. Plotted on the
same graph are the estimates for charge per particle required to pro-
duce breakdown with an exoplanet mineral cloud. Figure modified
from Helling et al. (2013).
benefits may also be drawn from corona processes like the
removal of unwanted static charge on industrial equipment
(Jay 1972).
In Helling et al. (2013), the authors place constraints on
the charge required on particles to produce discharges given
certain extrasolar environments. Here, we ask the converse
question: given the charge densities measured on KCl or ZnS
grains experimentally, what environmental conditions lead to
Table 1. Paschen curve parameters for a number of gases (Raizer
2011; Helling et al. 2013).
Gas A (m-1 Pa-1) B (V m-1 Pa-1)
H2 3.75 97.50
He 2.25 25.50
H2O 9.75 217.50
Air 11.25 273.77
breakdown? The plates of an imaginary capacitor yield a
zeroth order solution. The maximum voltage, Vb, that can
be sustained between the two charged surfaces separated by
some distance, d, is dependent on the composition of the en-
veloping gas and its pressure (Paschen 1889). This relation
is known as Paschen’s law:
Vb =
Bpd
ln( Apdln(1/γ+1) )
(1)
In equation 1, p is pressure, A and B are constants which
give Townsend’s ionization coefficient, and γ is Townsend’s
second ionization coefficient with a value of 0.01 (Kok &
Renno 2009). These constants are listed for a number of
gases in Table 1 (Raizer 2011; Helling et al. 2013). For the
present application, however, it is more useful to describe the
dielectric strength of the atmosphere in terms of a breakdown
electric field Eb rather than a voltage (Kok & Renno 2009):
Eb =
Bp
ln( Apdln(1/γ+1) )
(2)
From equation 2, it follows that the breakdown field on
Earth (at a pressure at 1 bar or 101 kPa) across a distance of 1
m is on the order of 106 Vm-1. Exceeding this field causes the
gas to conduct. For H2 and He, Eb = 8 × 105 Vm-1 and Eb =
2.5 × 105 Vm-1, respectively, while a water-rich atmosphere
would breakdown close to 1.8× 106 Vm-1. For each of these
three gases (H2, He, H2O) and air, the variation in breakdown
field with pressure is rendered in figure 7a (for d = 1 m). Note
that for all pressures, helium is the weakest gas (i.e. it breaks
down at lower electric fields for a given pressure), while air
is the strongest. Across these atmospheric compositions, Eb
has a variation close to an order of magnitude.
Knowling the breakdown field, one can compute the maxi-
mum charge density, σb, that can be supported on the two sur-
faces of the hypothetical capacitor (Hamamoto et al. 1992):
σb = roEb (3)
where r is the relative dielectric constant of the gas and
o is the permittivity of free space. For Earth (at 1 bar, 101
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kPa), this expression yields 2.7 × 10-5 Cm-1. In hydrogen,
helium, and water atmospheres (again, at 1 bar), the break-
down charge densities are 7.6 × 10-6 Cm-1, 2.0 × 10-6 Cm-1,
1.6 × 10-5 Cm-1, respectively. The variation of the maxi-
mum charge density with pressure is rendered in figure 6b
for the four gases. On this same plot, we superimpose the
range of charge densities observed in our experiments which
have maximum magnitudes of 4 × 10-6 Cm-2 (for both KCl
and ZnS; grey shaded area in figure 7b. Note that for all
gases except He, charge densities of 10-6 Cm-2 on hypotheti-
cal capacitor plates separated by a distance of 1 m would be
insufficient to initiate discharge processes at 1 bar. However,
these charge densities may lead to discharge if the pressure
of the gas surrounding the host surfaces decreases. In the
particular case of GJ 1214b, theoretical considerations and
numerical models have suggested that salt clouds are gen-
erated within the atmosphere at pressures close to 1-0.1 bar,
but are then lofted to elevations where the pressures range be-
tween 10-2 and 10-3 bar (Kreidberg et al. 2014; Charnay et al.
2015). Thus, surfaces that achieve charge densities compara-
ble to those in our experiments while at depth likely become
charge-saturated when they are advected to more rarefied re-
gions. To remain at or below the Pascehn limit, up-lifted sur-
faces shed charge through either spark or partial discharge
and their charge density decreases with altitude. This pro-
cesses is rendered in figure 7b for an H2 atmosphere (red
curve). Other, work also indicates that particles may also
rain out of clouds, providing a mechanism for further electri-
fication (Helling et al. 2008; Helling & Fomins 2013).
In a cloud, however, charge is not distributed across a con-
tinuous surface (as would be the case for the capacitor plate
we have been using as an analogy), but among many discrete
particle surfaces. Rather than a pair of plates, consider two
spherical clouds, each with radius Rc, surface area Sc, and
volume Vc (see figure 8a). To generate discharge conditions
at a cloud’s surface, the superposition of the electric fields as-
sociated with individual grains must produce a total effective
electric field, Es, that exceeds the breakdown value Eb (note
that Eb is the wide-gap breakdown field–i.e. when d ≈ 1 m):∮
EsdSc =
Q(n,Ap, σp)
ro
. (4)
Above, Q is the total charge in the cloud which depends on
the number of grains per unit volume n, the surface area per
particle, Ap, and the particle surface charge density σp:
Q = σpApVcn. (5)
Solving equation 4 (which is nothing more than a rendition
of Gauss’s Law) for the particle charge density and setting
ES = Eb, yields:
σp =
3Eb(p)ro
piD2pnRc
. (6)
-3 -2 -1 0 1
2
3
4
5
6
7
8
lo
g
El
ec
tri
c 
fie
ld
 [V
/m
]
Air
H2
H2O
He
-9
-8
-7
-6
-5
-4
-3
log Pressure [bar]
lo
g
C
ha
rg
e 
de
ns
ity
 [C
 m
-2
]
Air
H2
H2O
He
Max. charge density, KCl and ZnS
Increasing elevation
Cha
rge 
satu
rate
d (d
isch
arge
)
Charge undersaturated
A
B
-3 -2 -1 0 1
Figure 7. A) Maximum electric field across a 1 m spacing for air
(solid), H2O (dashed-dotted), H (dotted), and H2 (dashed) as a func-
tion of pressure. B) Maximum charge density for a surface in air
(solid), H2O (dashed-dotted), H (dotted), and H2 (dashed) as a func-
tion of pressure. The shaded area, topped off by dotted red curve,
is representative of the range of charge densities measured in our
experiments. The thick, solid red curve staring with a square repre-
sents the electrostatic narrative of a charged particle as it is advected
to elevations with lower pressure in an H2 atmosphere. To satisfy
Paschen’s law, the grain’s surface charge density must decrease with
altitude.
Equation 6 shows that the maximum charge density that can
be supported on an individual particle in the cloud σp may
be smaller or larger than that given by equation 3 (σb) de-
pending on the size and abundance of grains. Indeed, σp will
be smaller than σb if 3/piD2pnRc < 1. In other words, the
discharge threshold becomes easier to attain in spatially ex-
tensive clouds with a high number density of large particles.
Such conclusion makes intuitive sense; to generate a given
electric field at the cloud surface, a cloud with many, large
particles within a given volume requires constituent particles
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m-2 (the maximum charge densites observed in our experiments).
to carry less charge per grain than a small, dilute cloud with
few small particles.
Based on the charge densities obtained from our experi-
ments and the insight gained from equation 6, we proceed to
determine the cloud conditions (cloud radius, particle den-
sity, and size) required to produce the large gap breakdown
field (at the cloud surface) for the four different gases we
have been considering. The combination of cloud parame-
ters that lead to discharge conditions, assuming that grains
carry the maximum charge densities observed in the experi-
ments (4 × 10-6 C m-2), are shown in figures 8b, 9, 10, and
11 for air, H2O, H, and He, respectively. Each of the four fig-
ures encompasses four panels corresponding to four different
grain sizes (0.1, 1, 10, 100 microns). In turn, each panel ren-
ders the number of particles required to generate Eb(p) as a
function of cloud radius and pressure (four different curves).
As expected, for a given cloud radius, clouds with larger par-
ticles require fewer particles to reach breakdown conditions
at the surface of the cloud. Conversely, clouds with very
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Figure 9. Same as figure 8 for a water atmosphere.
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Figure 10. Same as figure 8 for a hydrogen atmosphere.
small particle sizes, necessitate comparatively high particle
concentrations to generate electric fields at the cloud surface
that exceed Eb. Figures 8b through 11 also show that pres-
sure (through Paschen’s Law) strongly influences the con-
ditions under which electrostatic discharges may be gener-
ated by KCl or ZnS clouds. For a cloud with a given radius,
clouds at higher pressures must harbor many more particles
than clouds in more rarefied environments. In the particular
case of GJ 1214b, Charnay et al. (2015) and Gao (2017) in-
dicate that the super-Earth maintains clouds at pressures in
the vicinity of 0.1 bar composed of particles with diameters
of 0.1 to 10 microns. Furthermore, modeling by (Gao 2017)
suggest that these clouds would have maximum number den-
sities in the range of 104 - 105 m-3. Assuming grains carry
charge densities on the order of 10-6 C m-2 (the maximum
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Figure 11. Same as figure 8 for a helium atmosphere.
charge densities observed in our experiments) clouds on GJ
1214b would have to have radii between 10 and 100 km to
produce discharges.
It is important to note that the analysis above only con-
siders discharge processes resulting from the direct dielectric
failure of the gas. When charge is distributed across many
surfaces in large volumes, alternate processes may allow for
discharges under weaker electrical stresses. Dispersed par-
ticles in a gas, for instance, tend to lower the breakdown
field by acting as lenses that concentrate electric field lines
at their surfaces (Cookson & Farish 1970; Schroeder et al.
1999; Solomon et al. 2001). Such focusing becomes more
important as the contrast between the atmospheric dielectric
constant and that of the grains increases. In thunderstorms,
for instance, the maximum electric field may be reduced by a
factor of 3 in the presence of particles. Furthermore, in large
systems, discharge may be controlled by mechanisms that
are not present at smaller scales. On Earth, for example, the
electric fields in lightning-producing clouds rarely, if ever,
exceed values of 105 Vm-1 (corrected for altitude) which is
one order of magnitude smaller than the conventional break-
down field of 3 × 106 Vm-1 predicted by Paschen’s Law
(Marshall et al. 1995; Schroeder et al. 1999; Solomon et al.
2001; Dwyer 2005). In these regimes, the initiation of dis-
charges in clouds may be controlled by a runaway electron
avalanche, rather than the dielectric breakdown of the gas
(Gurevich et al. 1992; Dwyer 2005; Dwyer & Uman 2014).
Runaway electrons are produced when the electric field in a
charged particle cloud is large enough give electrons gener-
ated by cosmic rays the energy needed to overcome the losses
associated with collisions and accelerate them to relativistic
speeds. These electrons then collide with neutrals to gener-
ate more electrons that eventually lead to breakdown. In ter-
restrial environments, these processes likely occur not only
in conventional thunderclouds but in other large-scale multi-
phase systems like as volcanic plumes and dust storms (Mc-
Nutt & Williams 2010). If similar runaway avalanches are
active in the putative clouds of exoplanets, grains would not
be required to carry charge densities as high as the Paschen
limit to produce large spark discharges. The environmental
constraints presented in figures 8b through 11 could be re-
laxed. However, outside of this discussion, such considera-
tions are beyond the scope of this work.
5. CONCLUSIONS
Given the electrical diversity observed in our own solar
system, an exoplanet with a dynamic, particle-bearing atmo-
sphere (such as that inferred to exist on GJ 1214b) will almost
certainly be characterized by complex electrostatic processes
(Helling et al. 2013; Vorgul & Helling 2016). In this work,
we have characterized the triboelectric behavior of potas-
sium chloride and zinc sulfide under temperatures relevant
to a number of exoplanets. The charge densities observed
in our experiments are consistent with those measured on
lightning-producing volcanic ash particles. Furthermore, we
discussed the conditions under which such charge densities
could lead to breakdown in mineral clouds. Together, these
results provide further evidence that electrified salt grains in
the atmospheres of distant worlds could drive discharge pro-
cesses, potentially catalyzing prebiotic chemistry. Whether
or not such activity could be detected on an exosolar object,
nonetheless, remains contentious subject. In principle, light-
ning on worlds with charged, dusty atmospheres may be de-
tected through excess radio emissions observed during transit
(Vorgul & Helling 2016), or through abnormal spectral sig-
nals modulated by lightning-induced disequilibrium chem-
istry (Bailey et al. 2014; Xue et al. 2015). Hodosán et al.
(2016) has suggested that a world’s daytime spectrum could
be cross-correlated with known lightning spectra to infer the
presence of large-scale discharges. Yet, even for a world with
an extremely high flash-rate, such signals may be too tenu-
ous to be detected with even a state-of-the-art instrument like
James Webb Space Telescope(Ardaseva et al. 2017). Defi-
nite detection of electrostatic processes may have to wait un-
til the next generation of telescopes such as the European
Extremely Large Telescope come on-line.
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